Having a fast, reliable method for characterizing vesicles is vital for their use as model cell membranes in biophysics, synthetic biology, and origins of life studies. Instead of the traditionally used Rayleigh-Gans-Debye approximation, we use an exact extended Lorenz-Mie solution for how core-shell particles scatter light to model vesicle turbidity. This approach enables accurate interpretations of simple turbidimetric measurements and is able to accurately model highly scattering vesicles, such as larger vesicles, those with multiple layers, and those with encapsulated material. We uncover several surprising features, including that vesicle lamellarity has a larger effect on sample turbidity than vesicle size and that the technique can be used to measure the membrane thickness of vesicles. We also examine potential misinterpretations of turbidimetry and discuss when measurements are limited by forward and multiple scattering and by the geometry of the instrument.
INTRODUCTION
The desire to characterize and monitor the properties of vesicles-semipermeable membranes that enclose an aqueous compartment ( Fig. 1 A) -comes from many fields. Vesicles can be biocompatible and deliver cargo for drug delivery (1, 2) , are used as compartments for synthetic biology (3) and origins of life studies (4) , and are used as model systems to study cell-membrane properties (5) . A noninvasive way to determine the properties of vesicles is to use their interaction with visible light. For example, static and dynamic light scattering (DLS) is often used for vesicle sizing (6) , microscopy is used to determine morphologies of vesicles (7) , multiangle light scattering is used to size vesicles (8) and during flow cytometry to distinguish between cell types (9) , and fluorescence measurements are routinely used to assess vesicle encapsulation efficiency (10) .
One commonly used optical technique is turbidimetry ( Fig. 1 B) , in which the turbidity of a sample is measured using the widely available spectrophotometer. Researchers have used this technique to assess a variety of vesicle properties, including vesicle formation (11) (12) (13) , dissolution (14) , permeability (15) , flocculation (16) , average vesicle size (17) (18) (19) (20) , membrane bilayer thickness (21) , and change in average vesicle size (22) . Changes in turbidity are usually attributed to just a single parameter, even though the turbidity of a sample depends on all of these quantities.
It is precisely the versatility of turbidimetry that begs the following question: if the turbidity of a sample increases or decreases, how is it possible to determine which vesicle property is causing the change? Some studies invoke light-scattering theory to calculate the scattering properties of individual vesicles-their scattering cross section and efficiencies-to help tease apart these effects. Most studies use the Rayleigh-Gans-Debye approximation (17, 18, 21) in part because it has an analytical form and in part because many of these calculations were done before the availability of adequate computational power (23) . Although the error in the calculated scattering efficiency can be as low as 1% for some vesicle sizes (24) , the approximation breaks down when vesicles encapsulate materials that differ from the outside or when vesicles have multiple bilayers, otherwise known as multilamellar vesicles ( Fig. 1 A) .
Here, we circumvent these limitations by using a numerically stable multilayered-sphere light-scattering solution (25, 26) that explicitly specifies the bilayers and interbilayer spaces to calculate how vesicles scatter light. Because the exact Lorenz-Mie solution for spheres was extended to core-shell spheres more than half a century ago (27) , there have been many improvements on algorithms and computational power (28) to make the solution usable. Although the near-field solution requires further refining (29) , in the far field, extended Lorenz-Mie core-shell models are now commonly used by atmospheric scientists to study aerosols such as soot coated with water (30) and by photonics researchers to study the optical properties of coreshell nanoparticles (31, 32) . Here, we apply this approach to the study of vesicles. Because the model is based on the exact Lorenz-Mie solution, it can handle encapsulated contents, multilamellarity, and larger scatterers than the Rayleigh-Gans-Debye approximation.
We find that a change in turbidity can easily be misattributed to the incorrect parameter. For example, a sample of bilamellar vesicles has the same turbidity (across all wavelengths) as a unilamellar sample with twice the concentration. We show how sample turbidity depends on vesicle size, composition, contents, and lamellarity. We also determine when forward scattering, multiple scattering, and instrument geometry need to be taken into account to interpret the measurements in a quantitative manner.
Finally, we fit our model to turbidity measurements made on a spectrophotometer to measure the membrane thickness of oleic acid vesicles and POPC vesicles to excellent agreement with the literature, demonstrating that when used in conjunction with DLS, optical microscopy, and light-scattering calculations, turbidimetry can be a quantitative and powerful tool.
MATERIALS AND METHODS
To make fatty acid vesicles, we first made micelles by dissolving 200 mmol of neat fatty acid oil-oleic acid, palmitoleic acid, or myristoleic acid (Nu-Chek Prep, Waterville, MN)-in 1.25 equivalents of NaOH (Sigma-Aldrich, St. Louis, MO). The solution was then brought to a volume of 2 mL with Millipore (Burlington, MA) water (18.2 M cmU), vortexed, and left on a test-tube rocker (Speci-Mix, Thermo Fisher Scientific, Waltham, MA) for at least 1 h to yield a 100 mM solution. The concentrated buffer stock (0.5 M) was made by dissolving bicine (Sigma-Aldrich) in Millipore water (18.2 M cmU) and then titrating the solution to the desired pH with NaOH (Sigma-Aldrich). We made vesicles by mixing the micelle solution, buffer stock, and Millipore water to the desired final concentration in a microcentrifuge tube, vortexing for 5 s, and then leaving the sample to agitate overnight on an orbital shaker (GeneMate, BioExpress, Kaysville, UT). All fatty acid vesicle samples were made with 200 mM bicine, except for giant oligolamellar vesicles, which were made with 50 mM bicine. To make phospholipid vesicles, we deposited 30 mL of a 25 mg/mL solution of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) in chloroform (Avanti Polar Lipids, Alabaster, AL) into a glass vial, evaporated the chloroform under a stream of nitrogen, and hydrated the POPC film with 1 mL of 200 mM bicine buffer. The extruded samples were prepared with a miniextruder (Avanti Polar Lipids) through a Whatman Nuclepore polycarbonate filter with 50-nm-diameter pores 11 times and left to tumble on a tube rotator (Labquake, Thermo Fisher Scientific) for at least 1 h before making any measurements.
Turbidity was measured on a spectrophotometer (Cary 60; Agilent, Santa Clara, CA). A solution containing just the buffer was used as the blank. The vesicle size distribution was measured with DLS on a Zetasizer Nano C (Malvern Panalytical, Malvern, U.K.). Samples were held in ultraviolet cuvettes (BRAND GMBH þ CO KG, Wertheim, Germany). Refractive indices of solutions at 589 nm, without vesicles present, were measured on an Abbe refractometer (C10 VEE GEE, VEE GEE Scientific, Kirkland, WA) at 22 C. Glucose, sucrose, and adenosine 5 0 -monophosphate disodium salt (R99%) were all obtained from Sigma-Aldrich. Concentrations of RNA were determined by spectrophotometry on a Nanodrop 2000C (Thermo Fisher Scientific).
Radiative transfer calculations were done using the solution to the Eddington approximation taken directly from Shettle and Weinman (33), incorporating the d-Eddington approximation from Joseph et al. (34) . The aperture was assumed to be completely nonreflecting.
Defining turbidity
Before proceeding, we first seek to unambiguously relate how individual vesicles scatter light to the measured turbidity of a vesicle sample. In general, there are three main outcomes for a photon as it encounters a vesicle ( Fig. 1 ): It can pass by without interacting (be transmitted), be absorbed (for example, by a fluorophore or a dye), or elastically scatter off the vesicle without changing its wavelength (35) . Once a photon passes through an entire sample, there are analogous quantities that describe the effect of the whole sample on light. The extinction ε refers to the attenuation of photons as they pass through a sample and consists of the attenuation owing to absorption (absorbance A) and the attenuation owing to scattering (T ).
It has long been proposed that spectrophotometers can be used to measure not just the absorbance of absorbing samples but also the turbidity of nonabsorbing samples (17) . This is because although spectrophotometers report an ''absorbance'' A, the quantity that is actually measured is how much light does not make it through the sample toward a detector situated opposite from the light source (see Fig. 1 B) : the extinction ε. Thus, a typical spectrophotometer reports an ''absorbance'' where I 0 is the incident light intensity, I is the intensity of light that enters the detector, and T is the extinction owing to scattering. It is assumed that no light is scattered into the detector. We will revisit this assumption in the section examining the effects of scattering toward the detector. For absorbing samples that have insignificant light scattering ðT ¼ 0Þ, the measured quantity ε equals a true absorbance A, and the concentration of a sample can be determined by using A ¼ ε A cl, otherwise known as the Beer-Lambert law. Here, ε A is the molar absorption coefficient
, c is the concentration of the absorbing molecule ([c] moles/L ¼ M), and l is the path length (usually through a cuvette, l $ 1 cm).
When describing nonabsorbing samples, the total attenuation of light after it passes through a sample is usually described by a turbidity or optical depth t:
assuming the fraction of light scattered in the direction of the detector is insignificant. s sca is the scattering cross section per scatterer (e.g., a vesicle, [s sca ] ¼ m 2 ), and N is the number density of scatterers ([N] ¼ m À3 ). By Eqs. 1 and 2, the turbidity of a nonabsorbing sample (A ¼ 0) can be measured on a spectrophotometer; the ''absorption'' ε measured on spectrophotometers is in fact linearly proportional to the turbidity t $ 2:3ε ¼ 2:3T . For a concentration c ([c] ¼ mol/L) of amphiphile in a system, the number density of vesicles N ([N] ¼ m À3 ) can be rewritten as
where N A is Avogadro's number, ' is the number of amphiphile molecules per vesicle, a is the area per amphiphile in a membrane, and total leaflet area is a v ¼ P i 8pr 2 i , where r i is the radius of each of the q membranes in the vesicle (measured from the center of the vesicle to the middle of the membrane). The factor of 1000 is present because of the difference in volume units between number density N (m À3 ) and concentration c (mol/L). The turbidity from Eq. 2 then becomes
Because the turbidity scales linearly with the concentration of amphiphile c and the path length l, we can also define the molar turbidity coefficient ε t ¼ t/cl ¼ 10 3 N A as sca /a v , which has units M À1 cm À1 analogous to the molar absorption coefficient ε A in Eq. 1.
For absorbing samples, we can replace s sca with the absorption cross section s abs in Eq. 4 and find the absorbance A e (related to the absorbance as measured on a spectrophotometer, A $ 2.3A e ):
We calculate the scattering cross section s sca and the absorption cross section s abs with Yang's recursive algorithm within the light-scattering package HoloPy. HoloPy is open source and can be found at https:// github.com/manoharan-lab/holopy. Examples of how to use HoloPy to calculate vesicle scattering cross sections can be found at https://github. com/anna-wang/vesicle-turbidity. Although this algorithm can calculate cross sections for vesicles with an arbitrary number of layers of arbitrary thicknesses, the layers must be concentric. The scattering and absorption cross sections of arbitrary scatterers can be calculated in HoloPy with an implementation of the discrete dipole algorithm (36, 37) . Eqs. 4 and 5 are then used to calculate t and A.
For core-shell structures such as vesicles, the scattering cross section depends on the set of parameters fpg ¼ È r 1;.;q ; n contents ; n medium ; t; n membrane É ;
where n contents is the content refractive index, n medium is the external solution refractive index, t is the membrane thickness, and n membrane is the membrane refractive index. In this work, we do not consider vesicles with nonconcentric centers or uneven spacing. We assume a spherical geometry and that the membranes are evenly spaced with s being the center-to-center spacing between membranes. We define the radius of the vesicle r as the distance between the vesicle center and the center of the outermost membrane.
RESULTS
For simplicity and ease of comparison to experiments, we report calculated turbidities t and absorbances A for samples with 5 mM total membrane lipid and a path length of 1 cm unless stated otherwise. The lipid parameters we use are that of a lipid similar to oleic acid, with n membrane ¼ 1.46, t ¼ 3.2 nm, and a ¼ 0.311 nm 2 taken from Han (38) .
Vesicle size
We begin by checking the intuition that as the vesicle size in a sample increases, so does the sample turbidity. We find that for vesicles in which the contents have no refractive index contrast with the medium n contents ¼ n medium , the turbidity of the system increases roughly with the logarithm of vesicle size for a fixed total concentration of lipid in the sample (Fig. 2 ).
Membrane properties: Thickness and refractive index
We now consider how the optical properties of the membrane-its thickness and refractive index-affect the sample turbidity. We find that increasing the membrane thickness and refractive index increases the sample turbidity ( Fig. 3 A) and that these curves collapse into a straight line when plotted against the square of the optical path difference tDn ( Fig. 3 B) . One consequence of this result is that the two parameters t and n cannot independently be determined using turbidity alone. 
Encapsulated content refractive index
Next, we consider the effect of any encapsulated solutes on vesicle scattering. Experimentalists routinely use purification methods, such as size exclusion chromatography (39, 40) or dialysis (41), to remove unwanted solutes that are not encapsulated inside vesicles. Sometimes these solutes are nonabsorbing, such as salts, and contribute to the real part of the refractive index Re(n contents ); other times, they absorb light and contribute to the imaginary part of the refractive index Im(n contents ) ¼ k. Here, for simplicity, we assume that the medium is nonabsorbing, Im(n medium ) ¼ 0, and do calculations at one wavelength (l ¼ 400 nm). Both real and imaginary parts of the refractive index usually vary with wavelength. The wavelength dependence of k can be used to separate the effects of absorbance and turbidity (42) . For vesicles that encapsulate a nonabsorbing solution that has a different refractive index from the surrounding medium (Dn io s 0), the turbidity of the sample increases nonlinearly with the vesicle radius ( Fig. 4 A) . This scaling is in contrast to vesicles in which n contents ¼ n medium (Fig. 2 ). Because the surface area/volume ratio of the vesicles decreases with increasing vesicle size, the contribution of even a small Dn io ¼ n contents À n medium to sample turbidity can easily surpass that of the membrane for larger vesicles. By measuring the refractive indices of various solutions, we find that the typical values of Dn io in samples that could have enhanced turbidity from content scattering are 0.0025 for vesicles with 100 mM encapsulated sucrose and 100 mM glucose in the external aqueous phase, 0.001 for 15 mM encapsulated adenosine 5 0 -monophosphate (disodium salt), and 0.001-0.002 for 1 mM encapsulated 12-16 long RNA sequences (see Materials and Methods). These differences in refractive index would significantly affect turbidity (>20% enhancement) for vesicles of radius greater than 50 nm for Dn io ¼ 0.0025 and 100 nm for Dn io ¼ 0.001.
Using Eq. 5, we find that for vesicles encapsulating a solution that absorbs light (k s 0 at wavelength l*), such as a dye, the absorbance of the sample increases linearly with vesicle radius when the total concentration of lipid in the sample is fixed ( Fig. 4 B) . This is because, assuming negligible scattering, the absorbance of the sample increases linearly with the number of absorbing molecules in the sample (Beer's law), and when the total lipid concentration in a sample is fixed, the encapsulated volume increases linearly with the radius (whereas the number of vesicles decreases).
Interestingly, for large enough k, encapsulating an absorbing solution can also enhance the sample turbidity ( Fig. 4 C) at the wavelengths for which light is absorbed. The measurement for A on a spectrophotometer at l* can therefore be affected by ε t , although the magnitude of the effect is complex and depends on the exact conditions (43) . In general, a change in the imaginary part of the refractive index affects the real part of the refractive index by the Kramers-Kronig relation (44) . We expect this effect to be pronounced for vesicles encapsulating a very high concentration of dye, such as self-quenching concentrations of calcein ($100 mM), when monitoring dye leakage. We estimate that k at the absorption maximal wavelength is $0.0007 for 1 mM calcein and 0.02 for 1 mM phycoerythrin by comparing Eq. 1 to molar extinction coefficients (45) .
In general, the effect of any refractive index mismatch between the encapsulated contents and medium will contribute to sample turbidity ( Fig. 4 D) . The extremely large sample turbidities or absorbances calculated by our model indicate scenarios in which any attempt to make a measurement is severely limited by the amount of light transmitted (just 1% of light for Abs ¼ 2 or A e $ 4.6 or t $ 4.6). Caution must therefore be exercised when attempting to make turbidity measurements of samples with encapsulated contents. Interestingly, the sample turbidity can also be decreased by an index mixmatch if a lower content index compensates for the higher index membrane.
Vesicle lamellarity
Thus far, we have only considered scattering from unilamellar vesicles. Experimentally, vesicles often assemble into multilamellar structures, so here, we determine the effect of lamellarity on sample turbidity. We find that the calculated turbidity of a 5 mM bilamellar vesicle suspension is identical to that of a 10 mM unilamellar sample ( Fig. 5 A) . More generally, for a fixed concentration of lipid (5 mM) and wavelength (400 nm), we find that the turbidity t q of a sample of q-bilayered vesicles is qÂ more than that of a unilamellar vesicle sample ( Fig. 5 A) of turbidity t 1 : t q ¼ qt 1 . A 5 mM solution of 10-bilayered vesicles will thus scatter like a 50 mM solution of unilamellar vesicles.
The strong dependence of the scattering cross section on lamellarity is a consequence of Rayleigh scattering. Because most vesicle membranes are on the order of 5 nm in thickness, the membranes behave as Rayleigh scatterers (at optical wavelengths) for which the scattering cross section s sca is proportional to m 2 , the square of the scatterer's mass (35) . If two membranes are in close proximity, they will scatter as a single membrane of twice the thickness and, hence, mass. The scattering cross section of a q-bilayered vesicle s sca,q is therefore q 2 s sca,1 . For a fixed concentration of lipid, the number of vesicles scales inversely with the lamellarity, and so a q-bilayered sample is expected to scatter qÂ more than a unilamellar sample of the same concentration, leading to the same scaling seen as in our calculations (Fig. 5) .
The effect of lamellarity on scattering is weakened with increased intermembrane spacing s. For 1-mm-diameter vesicles, we find that whereas for closely spaced membranes, t q $ qt 1 , the ratio t q /qt 1 decreases from 1 as spacing between the innermost and outermost membranes (q À 1)s increases ( Fig. 5 C) . t 1 is the average turbidity of unilamellar vesicle samples with vesicle radii equalling that of the layers in the multilamellar vesicle. The scaling is similar regardless of the total lamellarity, which suggests that it is the distance between the innermost and outermost membranes that determines the strength of the dipole coupling.
The strong dependence of turbidity on lamellarity is surprising, and we thus seek to track the turbidity of a sample as it changes from being multilamellar to unilamellar. It is commonly noted that when a milky, heterogeneous vesicle sample is extruded through pores less than 200 nm in radius, the sample will become more transparent (22). Vesicles are large and multilamellar before extrusion and become small and predominantly unilamellar after extruding through pores smaller than 200 nm in diameter (46) .
Because one of the outcomes of extrusion is to create smaller vesicles, we must attribute part of the decrease in turbidity to the size change. However, our results ( Fig. 2) show that for the same concentration of lipid, the turbidity depends only logarithmically on the vesicle size. We propose that the dominant contribution to the change in vesicle turbidity during extrusion is a change in the lamellarity of the vesicles.
We find that the extruded samples scatter as expected from the calculated scattering of a sample of 100-nm-diameter unilamellar vesicles, as shown in Fig. 5 (using the wavelength-dependent refractive index of oleic acid from Jones et al. (47) for n membrane and wavelength-dependent refractive index of water from Engen et al. (48) ). The calculated turbidity for the largest unilamellar vesicles that can occupy the volume (r ¼ 5 mm) is still much smaller than the experimentally measured turbidity for unextruded vesicles, suggesting that the size of vesicles alone can not completely account for the excess scattering. Because extrusion decreases both the size and lamellarity of samples, it is highly likely that multilamellarity is responsible for the excess scattering of unextruded vesicles. For example a trilamellar sample of 5 mm vesicles would approximately have the experimentally measured turbidity. However, at such high turbidity values, the sample is likely to be highly multiply scattering, and our simple model (Eq. 4) is no longer appropriate for direct comparisons.
Presence of inhomogeneities
We also consider cases in which an amphiphile does not form samples of vesicles that are not homogeneous. First, we consider when amphiphiles do not form membranes in solution but instead form aggregates. This can happen when the ionic strength of the solution is too high, there is precipitation (for example, divalent cations with fatty acids), the temperature is below the transition temperature of the amphiphile, or, in the case of pH-sensitive molecules, the pH is unsuitable. We model aggregates as solid spheres with n contents ¼ n membrane . We find that if a sample of aggregates is formed, the scattering depends nonmonotonically on wavelength and can dramatically exceed that of vesicles (Fig. 6, A and B) . The nonmonotonic scaling of turbidity with aggregate size means that if the aggregates were to further aggregate, the turbidity of the sample could either increase or decrease depending on the average aggregate size.
Importantly, these results show that even a small contamination of a vesicle suspension with aggregates could dramatically change the turbidity and render such measurements useless. To mitigate the potential confusion, extrusion through small pores, sonication, and adequate mixing can all help reduce the number of aggregates present in a sample. If inhomogeneous substances, such as colloidal particles, are encapsulated, the scattering from the encapsulated material is expected to dominate the scattering from the membrane.
We also consider when samples of vesicles are inhomogeneous in size or lamellarity. We first model the turbidities of lognormal distributions of vesicles with an arithmetic mean radius of 100 nm and SDs varying from 0 nm (monodisperse sample) to 25 and 50 nm and find that the calculated turbidity does not vary by much from the monodisperse case ( Fig. 6 C) . By contrast, if a unilamellar sample of vesicles were to contain a subpopulation of bilamellar vesicles, the effect on turbidity can be quite dramatic (Fig. 6 D) . We therefore conclude that the effect of lamellarity on turbidity can be much greater than that of vesicle size.
Effects of scattering toward the detector and multiple scattering
Thus far, we have made the assumption that all of the light reaching the detector is unscattered light. However, some vesicles do scatter significantly in the forward direction (0 ), and the detector is not an infinitesimal pinhole but subtends a finite angle ( Fig. 7 A) . In general, the fraction of the light f d that passes through a circular aperture with acceptance angle d depends upon all of the vesicle parameters p. Here, we seek to determine the effect of scattering toward the detector and when that needs to be taken into account.
We calculate scattering as a function of the angle (scattering phase functions) and, in Fig. 7 , B-E, show that vesicles larger than 100 nm in diameter scatter significantly in the forward direction. We include the fraction of scattered light that reaches detectors with acceptance angles of 1 (f 1 ) and 5 (f 5 ) as well as the asymmetry parameter g ¼ <cosq>, a quantity used to describe the average angle of the scattered light (g ¼ 1 implies complete forward scattering, g ¼ À1 implies complete backward scattering, and g ¼ 0 implies isotropic scattering). In general, scatterers with a size much smaller than a tenth of the wavelength of light will scatter more isotropically; this is indeed true for the smaller vesicles ( Fig. 7) . Conversely, scatterers that are much larger tend to scatter more light forward (35) .
To quantify how much extra light is reaching the detector because of forward scattering, we consider two models. The first one models single scattering with the exact phase function, and the second one models multiple scattering using an approximation of the phase function (34) .
When considering singly scattering samples, the intensity of light reaching a detector in the absence of absorption and forward scattering is I ¼ I 0 e Àt . The amount of light that is scattered to a detector that has a circular aperture with acceptance angle d accepting a fraction of the light f d is The calculated turbidity of vesicles varies a lot with polydispersity in lamellarity. We show calculated turbidities for 5 mM vesicle samples (r ¼ 100 nm) that vary from being 100% unilamellar (0% bilamellar) to 0% unilamellar (100% bilamellar). To see this figure in color, go online.
The amount of light I obs observed by the detector, including unscattered light, is hence
The observed turbidity t obs is thus
We can therefore use Eq. 9 to understand how much the turbidity detected on a spectrophotometer t obs underestimates the true turbidity t as a result of forward scattering. We plot t obs /t in Fig. 8 as a function of f d and t, with the four vesicle types in Fig. 7 , B-E overlaid. As expected, the experimentally observed t obs is approximately equal to t for smaller vesicles because they scatter less strongly in the forward direction, but the disagreement between t obs and t grows with increasing d and f d . Because t obs /t depends on the acceptance angle d and hence the geometry of the spectrophotometer, it may be difficult to directly compare measurements made on different spectrophotometers. Spectrophotometers are thus suitable for quantifying the turbidity of samples of smaller vesicles; measurements of samples of larger vesicles can severely underestimate t because of forward scattering, unless the acceptance angle d is very small.
We now seek to determine the effect of multiple scattering on the measured turbidity t obs . Numerical methods are often required to accurately model radiative transfer. To gain some understanding of the effects of multiple scattering without creating a full numerical simulation, we use a model from atmospheric sciences (33) to calculate how much light reaches an aperture-the detector-after passing through turbid media. This model is more accurate than Eq. 4 for large t but approximates the phase function (34) . We find that even for small scatterers (g $ 0), t obs /t can decrease from unity ( Fig. 8 B) if the sample is concentrated enough. Again, t obs /t depends on the geometry of the instrument. For further discussions of multiple scattering, we refer the reader to articles that provide accessible overviews of the relevant concepts (49) (50) (51) .
Implications for experimental design
We have shown how the measured turbidity of a sample depends on the amphiphile concentration c, path length l, and {p} ¼ {r i ,n contents ,t,n membrane }, summarized in Table 1 . To measure any one parameter with a spectrophotometer, one must control for all of the others. We have also shown the limitations of using spectrophotometers to measure turbidity, with the simplest results to interpret being the results for a dilute sample of small vesicles. We now illustrate how turbidity can be used in conjunction with other tools to gauge information about experimental samples. Fig. 7 , B-E are marked with crosses (radii in green). l ¼ 400 nm. (B) t obs /t is plotted as a function of g and t for 1 , 5 , and 10 circular apertures. To see this figure in color, go online.
Application 1. Interpreting turbidity measurements during vesicle formation
During de novo vesicle formation that is triggered by a drop in pH, turbidity can be used to monitor the assembly of vesicles from micelles. In brief, a solution of micelles at a high pH is added to a solution buffered at a pH near the pKa of the fatty acids. At this lower pH, vesicles are thermodynamically favored over micelles. A commonly used assumption is that any increase in scattering of the solutions is because of the fatty acids rearranging into vesicles and scattering more light. The turbidity of the sample is hence expected to increase over time.
Upon adding a solution of oleic acid micelles to 50 mM bicine (pH 8.1) to a final oleic acid concentration of 5 mM, we find that the turbidity changes nonmonotonically with time ( Fig. 9 ). The sample turbidity initially increases to a maximum one day after the sample is first made and then decreases during the second day. The decrease in turbidity is at first glance surprising because the number, lamellarity, or size of vesicles is not expected to decrease with time. All other parameters p are constant during the experiment.
By monitoring the samples with phase-contrast microscopy, we were able to determine that at one day, the sample consists mostly of highly scattering nonspherical aggregates or extremely multilamellar, nonspherical vesicles with little encapsulation volume ( Fig. 9 ). Because the size of the oleic acid structures increases from small aggregates to large oligolamellar vesicles, the decrease in turbidity cannot be attributed to a decrease in vesicle size. From the phasecontrast images, we can see that for the same concentration of lipid, aggregates and very multilamellar vesicles can scatter a lot more light than oligolamellar vesicles. We therefore attribute the decrease in turbidity to the aggregates disappearing and giant oligolamellar vesicles forming in their place.
Application 2. Measuring membrane thickness with turbidity
We measure the membrane thickness of oleic acid vesicles by fitting a model containing information about all of the parameters p except the thickness t to measured sample turbidity. We use the wavelength-dependent refractive index of oleic acid from Jones et al. (47) for n membrane and wavelength-dependent refractive index of water from Engen et al. (48) . To control for size and lamellarity, we extrude vesicles through 50-nm-diameter pores to achieve an almost completely unilamellar sample (46) . We model the distributions as lognormal using the arithmetic means and SDs determined with DLS (Malvern Zetasizer Nano C). For the samples shown in Fig. 9 B, 2r ¼ 124 5 42 nm for oleic acid, 2r ¼ 109 5 37 nm for palmitoleic acid, and 2r ¼ 86 5 30 nm for myristoleic acid. The scattering cross sections for different vesicle radii are weighted by the size distribution and added together to calculate the sample turbidity. Examples for how to use our code can be found at https://github. com/anna-wang/vesicle-turbidity.
Our model fits the data at all wavelengths extremely well. Keeping all other parameters fixed, we use a Levenberg-Marquardt-based least-squares algorithm to find the best fit thickness for oleic acid: 3.2 nm (SD 0.1 nm, number of samples n ¼ 4). This is in good agreement with transmission Assuming that at all wavelengths n oliec À n palmitoleic < 0.01 and n palmitoleic À n myristoleic < 0.01, the thickness of palmitoleic acid/palmitoleate and myristoleic acid/myristoleate membranes are 2.7-2.9 nm and 2.5-2.7 nm. We show the best fit thickness results for three vesicle samples in Fig. 9 B. We adopt the same strategy to measure the thickness of POPC membranes, using the wavelength-dependent refractive index for egg-phosphatidylcholine from Khlebtsov et al. (53) and the area per lipid from Kucerka et al. (54) . The vesicle size measured by DLS for the POPC sample shown in Fig. 9 C is 2r ¼ 162 5 54 nm. We find that the best fit thickness for our POPC samples is 4.9 nm (SD 0.1 nm, number of samples n ¼ 4) in good agreement with the measured steric bilayer thickness values from Huber et al. (55) and Leftin et al. (56) .
For both oleic acid vesicles and POPC vesicles, our bestfit thickness model reproduces the experimental results extremely well at all wavelengths. These results clearly demonstrate that measurements of vesicle parameters can be made if the other parameters can be constrained.
DISCUSSION
We have shown that an extended Lorenz-Mie model for core-shell scatterers can be used to effectively model light scattering by vesicles. Our calculations show the turbidity of a vesicle solution depends on the presence of encapsulated contents, aggregates, and multilamellar vesicles. Turbidity measurements are thus complicated to interpret, and it may not be possible to generalize the results enough in a single article so that experimenters can always interpret turbidity measurements in a straightforward manner. However, we attempt to show how quantitative interpretations can be made.
Because the turbidity depends on so many parameters, tools other than a spectrophotometer must be used to understand which parameters are contributing. For instance, the calculated turbidity for a sample of bilamellar vesicles is identical to the turbidity of a sample of unilamellar vesicles with twice the lipid concentration. As a further example, it may have been tempting to interpret the high turbidity of the sample in Fig. 9 at day one as the presence of a high concentration of vesicles. We reveal that, in fact, the high turbidity was because of a high concentration of aggregates and that, seemingly paradoxically, the number of vesicles increases only when the turbidity drops. In this particular case, we were able to use microscopy to correctly interpret the turbidity measurements.
Our model enables more accurate modeling of turbidimetric measurements than the Rayleigh-Gans-Debye approximation. Even so, the observed (t obs ) and modeled (t) turbidity begin to differ significantly when forward and multiple scattering become significant. We provide guidelines for when interpreting turbidity data in a quantitative manner becomes difficult owing to these reasons. We note that the dependence of t obs on the detector acceptance angle d means that this effect is instrument dependent. Thus, the knowledge of the exact light path within the spectrophotometer is required to make a complete model and overcome these limitations.
We also showed that, with careful experimental design, turbidity can be quite a powerful tool. By using extrusion to constrain lamellarity and DLS to measure the vesicle size distribution, we were able to model how such a vesicle sample would scatter light to measure the membrane thickness of oleic acid vesicles and POPC vesicles. Our results are in agreement with values in literature, but instead of requiring manual measurements on a transmission electron cryomicroscopy, our method uses equipment easily accessible to those that work routinely with vesicles-an extruder, a DLS instrument, a spectrophotometer, and a computer.
We hope that our results for how the turbidity of a vesicle sample changes with lipid refractive index, encapsulated contents, vesicle size, lipid membrane thickness, and lamellarity can be used as an aid for researchers when interpreting their turbidity measurements and understanding how the exact material configuration and distribution within a vesicle affects its interaction with light.
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